INTRODUCTION
============

High-mobility group B (HMGB) proteins are small chromatin-associated eukaryotic proteins that alter the physical properties of DNA *in vitro* and *in vivo* ([@gks1208-B1],[@gks1208-B2]). HMGB proteins have one or two highly conserved motifs ('box A' and 'box B') that bend DNA, and each homologous box motif contains amino acids that form three alpha helices to bind DNA as an 'L'-shaped structure ([@gks1208-B1],[@gks1208-B2]). *Saccharomyces cerevisiae* Nhp6A (yNhp6A) is an abundant (50 000--70 000 molecules per haploid cell), small (11 kD) and sequence-non-specific DNA-binding protein that is a member of the HMGB family of proteins ([@gks1208-B1],[@gks1208-B2]). This single-box HMGB protein conforms to the 'box B' group of HMGB proteins ([@gks1208-B1],[@gks1208-B2]). yNhp6A binds to DNA as a monomer through both intercalative and electrostatic interactions ([@gks1208-B3]), bending DNA sharply ([@gks1208-B4],[@gks1208-B5]). yNhp6A--DNA interactions are believed to enhance DNA flexibility so as to facilitate looping required for processes such as DNA replication, DNA repair, recombination, gene regulation and translation ([@gks1208-B1],[@gks1208-B2]). HMGB proteins have also been proposed to be involved in nucleosome remodeling ([@gks1208-B6]).

Although the sequence-non-specific HMGB family of proteins enhances DNA flexibility by binding DNA, the detailed physical mechanism of DNA flexibility enhancement by these proteins remains unknown. There has been uncertainty about association and dissociation binding rates for individual HMGB proteins, whether DNA binding and kinking are simultaneous, and the flexibility of DNA in the kinked complex ([@gks1208-B1],[@gks1208-B7; @gks1208-B8; @gks1208-B9; @gks1208-B10; @gks1208-B11; @gks1208-B12; @gks1208-B13]). Biophysical studies of HMGB proteins have led to the proposal of two models by which these proteins enhance apparent DNA flexibility. In the first model, termed the 'static kink model', HMGB proteins bind transiently to DNA, creating fixed angle bends in the DNA at sites of protein binding ([@gks1208-B12; @gks1208-B13; @gks1208-B14]). In the second 'flexible hinge' model, HMGB protein binding creates a protein--DNA complex that is anisotropic but highly dynamic, so there is little bending angle preference at the binding site ([@gks1208-B8; @gks1208-B9; @gks1208-B10]).

In the present study, single-molecule fluorescence resonance energy transfer (smFRET) is used to detect the local conformational effects of yNhp6A binding to isolated DNA duplexes designed to be short enough so that single protein--DNA complexes can be monitored without protein--protein interactions on the DNA. smFRET provides a direct measure of the conformational state(s) of DNA molecules induced by yNhp6A binding and allows the observation of any long-lived kinetic intermediates in the kinking/un-kinking of DNA by yNhp6A. The smFRET results presented here demonstrate that yNhp6A simultaneously binds and kinks DNA without sequence specificity, producing a static kink that is short lived. It is also shown that yNhp6A binding affinity and induced DNA bend angle can be tuned by the presence of a pre-existing DNA deformation. These results support the static kink model for apparent DNA flexibility enhancement by HMGB proteins.

MATERIALS AND METHODS
=====================

Protein preparation
-------------------

Recombinant *S. cerevisiae* Nhp6A (yNhp6A) protein was prepared as described previously ([@gks1208-B15]).

Single-molecule experiments
---------------------------

Sample chambers (∼5-mm long, ∼0.1-mm wide and ∼0.1-mm deep) were formed by assembling polyethylene glycol-coated quartz slides and glass coverslips with double-sided tape and epoxy cement. Two holes in the quartz slides---one on each end of the sample chamber---allowed sample chamber fluid exchange. Because ∼0.1% of the polyethylene glycol surface in the sample chamber was biotinylated, biotinylated DNA could be attached to the surface by flowing 0.25 mg/ml streptavidin solution into the sample chamber, washing away any unbound streptavidin, and adding 10--50 pM biotinylated DNA to the streptavidin-coated surface. Samples were imaged at room temperature (∼22°C) in a single-molecule imaging buffer containing 10 mM HEPES, pH 7.5; 100 mM NaCl; 1 mM MgCl~2~; 5% glycerol; 0.1 mg/ml bovine serum albumin; 0.4% glucose; 0.1 mg/ml glucose oxidase; 0.02 mg/ml catalase and saturated Trolox® ([@gks1208-B16]).

smFRET experiments were performed on a prism-type total internal reflection microscope built on an Olympus IX71 inverted microscope. This wide-field microscope system permits the simultaneous observation of ∼200 DNA molecules immobilized on the surface of a slide, allowing thousands of molecules to be observed within minutes for each reaction condition. Surface-immobilized donor (Cy3) fluorophores were excited with a 532-nm laser, and the fluorescence emission of the donor and acceptor dyes was collected with a ×60 water objective (1.2 NA, Olympus). The donor (Cy3) and acceptor (Cy5) emission intensities were separated using a dichroic mirror and recorded with a CCD camera (iXon, Andor Technology) at 32-ms time resolution. The FRET efficiency for each individual pair was calculated as I~A~/(I~A~ + I~D~) (where I~A~ is the acceptor emission intensity, and I~D~ is the donor emission intensity) and was corrected for cross talk.

DNA preparation
---------------

DNA duplexes used in this work were assembled using oligonucleotides purchased from Integrated DNA Technologies. DNA duplexes were formed by annealing oligonucleotides in a ratio of 1:1.2 (strand B:strand A) in an annealing buffer containing 20 mM Tris, pH 8.0 and 500 mM NaCl by heating the strands to 80°C for 3 min followed by slow cooling to room temperature. All annealing reactions were performed in the dark, and the annealed DNA was stored at −20°C.

The oligonucleotide sequences used in the smFRET studies are as follows:

**Linear_18a:** Strand A: 5′-/Cy3/TGG CGA CGG CAG CGA GGC-3′Strand B: 5′-/Cy5/GCC TCG CTG CCG TCG CCA TTT TTT TTT TTT TTT/Biotin/-3′**Linear_18b:**Strand A: 5′-/Cy3/TGG TTA TAT CAT CTA GGC-3′Strand B: 5′-/Cy5/GCC TAG ATG ATA TAA CCA TTT TTT TTT TTT TTT/Biotin/-3′**Bulge_18a:**Strand A: 5′-/Cy3/TGG CGA CGG AAC AGC GAG GC-3′Strand B: 5′-/Cy5/GCC TCG CTG CCG TCG CCA TTT TTT TTT TTT TTT/Biotin/-3′

RESULTS
=======

yNhp6A binds 18-bp linear DNA in a single kinked state
------------------------------------------------------

Preliminary bulk biochemistry experiments confirmed that yNhp6A binds a short DNA duplex with an equilibrium dissociation constant in the low nanomolar range ([Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1208/-/DC1)) and with rapid exchange kinetics ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1208/-/DC1)). To extend this result to the single-molecule regime to evaluate individual binding and bending events, we first used FRET to observe the effects on DNA of binding and dissociation of yNhp6A to 18-bp homoduplex (all Watson--Crick base pairs) DNA target linear_18a. As yNhp6A has a DNA footprint of ∼11 bp ([@gks1208-B17]), this duplex should permit binding of only a single yNhp6A molecule. The linear_18a target was prepared by annealing two complementary oligonucleotides ([Figure 1](#gks1208-F1){ref-type="fig"}). Strand A was labeled on the 5′ terminus with a Cy3 (donor) fluorophore. Strand B was labeled on the 5′ terminus with a Cy5 (acceptor) fluorophore and on the 3′ terminus with a biotin residue. In addition, strand B contained a 15-nt oligo(dT) sequence separating the 3′ terminal biotin from the duplex region to prevent potential interactions of the fluorophores with the streptavidin-coated surface. The target design is such that the donor and acceptor fluorophores are on opposite termini of the duplex; thus, protein-induced duplex bending decreases the DNA end-to-end distance and results in an increase in the efficiency of energy transfer between the fluorophores of the FRET pair. Figure 1.Schematic design of smFRET experiments. The DNA targets used in this study were designed so that the donor (Cy3, green circle) and acceptor (Cy5, red circle) are attached to opposite termini of the DNA duplex (black lines). Decreases in DNA end-to-end distance induced by yNhp6A (aqua) binding and kinking result in a measurable increase in the efficiency of energy transfer for each individual FRET pair. The DNA-only state is in a 'low FRET' state, and the yNhp6A-bound DNA is in a 'high FRET' state. Each DNA molecule is immobilized to the surface of a polymer-coated slide through a strong biotin (black circle)--streptavidin (blue diamond) interaction.

The distribution of FRET efficiency (*E*~FRET~) values and the dynamics of individual molecules were determined for hundreds of FRET pairs in the absence and presence of yNhp6A. In the absence of protein, the linear_18a target gives rise to a single narrow peak at *E*~FRET~ ≈ 0.17 (the small peak at *E*~FRET~ ≈ 0 represents targets with an inactive acceptor fluorophore and is not mentioned in E~FRET~ histograms hereafter; [Figure 2](#gks1208-F2){ref-type="fig"}A, DNA only). Single-molecule time traces of the Cy3 (donor) and Cy5 (acceptor) emission intensities were plotted ([Figure 2](#gks1208-F2){ref-type="fig"}B, DNA only) along with the corresponding time traces of FRET efficiencies ([Figure 2](#gks1208-F2){ref-type="fig"}C, DNA only). No FRET transitions were observed for any of the linear_18a molecules in the absence of added protein. Figure 2.yNhp6A binds linear_18a DNA in a single kinked state. (**A**) FRET efficiency histograms for linear_18a DNA target in the absence and presence of yMhp6A indicating that yNhp6A binds to this DNA target in a single kinked state. (**B**) Time traces of donor and acceptor emission intensities and (**C**) corresponding FRET efficiency time traces showing no DNA target dynamics in the absence of protein but multiple transitions between the low (*E*~FRET~ ∼0.17) and high (*E*~FRET~ ∼0.30) FRET states in the presence of yNhp6A. (**D**) FRET efficiency time traces analyzed for a two-state system using a hidden Markov model to determine the average transition rates (*v*) from low FRET to high FRET states (*v*~12~) and from the high FRET to low FRET states (*v*~21~). (**E**) Dwell time distributions for the binding times (*τ*~12~) (low FRET states/DNA-only states) are shown at different yNhp6A concentrations. (**F**) Dwell time distributions for the binding times (*τ*~21~) (high FRET states/yNhp6A-bound states) are shown at different yNhp6A concentrations.

Addition of yNhp6A to the linear_18a target led to the appearance of a new bound state with an *E*~FRET~ peak centered at *E*~FRET~ ∼0.30 ([Figure 2](#gks1208-F2){ref-type="fig"}A, +yNhp6A). The increase in *E*~FRET~ on protein addition indicates that the protein binds and bends the DNA with a signal increase, suggesting DNA bending by ∼60° \[with the simplifying assumption that changes in dye separation due to changes in DNA twist will be small relative to the effect of DNA bending ([@gks1208-B18],[@gks1208-B19]); for details on angle calculations, see [Supplementary Material](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1208/-/DC1)\]. This estimate is in agreement with previously reported values for yNhp6A-induced DNA bending \[∼60° in an AFM study ([@gks1208-B13]), ∼63° in a gel electrophoresis study ([@gks1208-B20]) and ∼70° in a nuclear magnetic resonance (NMR) study ([@gks1208-B4])\]. The population of DNA targets in the high *E*~FRET~ state increased with protein concentration until all linear_18a DNA targets had conformations with *E*~FRET~ ≈ 0.30 ([Figure 2](#gks1208-F2){ref-type="fig"}A, +yNhp6A). These results suggest that yNhp6A binds to the linear_18a DNA target to produce a single kinked state. Equilibrium dissociation constant (*K~D~*) values for yNhp6A/DNA interactions have been reported to be 1--10 nM ([@gks1208-B5],[@gks1208-B17],[@gks1208-B21]). Consistent with this high affinity binding, the high FRET state saturated at a protein concentration in the low nanomolar range ([Figure 2](#gks1208-F2){ref-type="fig"}A, +yNhp6A).

With respect to kinetics, time trajectories for the emission intensities and corresponding *E*~FRET~ values show that FRET dynamics for the linear_18a DNA target in the presence of yNhp6A are dependent on the protein concentration. In the yNhp6A concentration range where both binding and dissociation can be observed (0.5--5 nM), the frequency of binding events increases with protein concentration, while the duration of the binding events is independent of protein concentration ([Figure 2](#gks1208-F2){ref-type="fig"}B and C, +0.5--5 nM yNhp6A). This is the expected result for a reversible first-order binding reaction. At protein concentrations \>5 nM, dwell times between binding (high FRET) events are shorter than the time resolution of the experiment. In this protein-saturated state, few DNA-only FRET states are detected in the individual time traces, and the transition rates cannot be accurately determined ([Figure 2](#gks1208-F2){ref-type="fig"}B and C, +50 nM yNhp6A). It was of great interest to deduce population average kinetic parameters from these experiments. To quantify binding and dissociation rates, a hidden Markov model ([@gks1208-B22]) was applied to hundreds of time traces over three different yNhp6A concentrations. This quantitative analysis confirms that the association rate (*v*~12~) increases linearly with increasing protein concentration, while the dissociation rate (*v*~21~) is independent of protein concentration ([Figure 2](#gks1208-F2){ref-type="fig"}D). The values of the dissociation rate, *v*~21~, (and hence the dissociation rate constant, *k*~off~) are ∼1 s^−1^. The association rate (*v*~12~) at 1 nM yNhp6A concentration is ∼1 s^−1^, corresponding to an association rate constant (*k*~on~) of ∼1 × 10^9^M^−1^ s^−1^. Consistent with an equilibrium dissociation constant in the low nM range, the ratio of these rate constants is ∼1 nM. Again, these are the expected results for a reversible first-order binding reaction. Together, the observations that the *E*~FRET~ value of the bound state is the same for low yNhp6A concentrations (0.5 nM) as for saturating concentrations (50 nM) and that the association rate increases linearly with increasing protein concentration demonstrate that the observed changes in *E*~FRET~ reflect one yNhp6A binding to each DNA molecule (as expected for a yNhp6A DNA footprint of ∼11 bp on a DNA target that is 18 bp in length). Further supporting this simple binding model, the dwell time distributions for protein association (*τ~on~*) and dissociation (*τ~off~*) all are characterized by single exponential decays ([Figure 2](#gks1208-F2){ref-type="fig"}E--F), consistent with the presence of a single kinetic step. The dwell time distribution results thus indicate that yNhp6A binding is simultaneous with the *E*~FRET~ value increase from ∼0.17 (the DNA-only state) to ∼0.30 (the protein-bound state). Likewise, yNhp6A dissociation occurs at the moment the *E*~FRET~ value returns from ∼0.30 to ∼0.17, suggesting no long-lived intermediates.

The evidence that DNA binding and bending by yNhp6A are simultaneous argues against a bound state sampling both bent and straight DNA conformations. Rapid yNhp6A binding is indicated by the observed trend in *v*~12~ (defined as the reciprocal of the average time in low FRET state); *v*~12~ increases linearly with yNhp6A concentration. If bound yNhp6A were bending/unbending the DNA without dissociation, *v*~12~ would be independent of concentration. Bulk fluorescence anisotropy experiments also demonstrate that yNhp6A pre-bound to dye-labeled double-stranded DNA (dsDNA) dissociates within seconds after competing excess unlabeled dsDNA is added to the reaction ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1208/-/DC1)). Furthermore, regardless of protein concentration (i.e. 0.5 or 100 nM yNhp6A in the sample chamber), replacing the yNhp6A-containing sample chamber with imaging buffer (no protein) results in an immediate shift to the DNA-only FRET state, showing that yNhp6A binding is transient (lasting seconds) under these conditions. If yNhp6A were stably bound to the DNA, multiple washes would be required to remove the protein.

The interaction of yNhp6A with 18-bp linear DNA is sequence independent
-----------------------------------------------------------------------

Although HMGB proteins are believed to bind sequence non-specifically, it is possible that there may be a weak preference for certain AT regions because of intrinsic DNA curvature or local DNA flexibility ([@gks1208-B11],[@gks1208-B23],[@gks1208-B24]). To test the effect of sequence on observed DNA bending by yNhp6A, we measured the binding and dissociation of yNhp6A to and from DNA duplex linear_18b, an 18-bp homoduplex DNA target with a sequence different from linear_18a. In contrast to linear_18a (G/C base content of 78%), linear_18b has a G/C base content of 39% (see 'Materials and Methods' section) and a correspondingly lower melting temperature than linear_18a. Apart from the difference in duplex G/C content, linear_18b target was prepared and analyzed identically to linear_18a. Note that duplexes linear_18a and linear_18b were designed so that the terminal base pairs were identical to ensure that local fluorophore environments were conserved between the two targets.

In the absence of protein, the distribution of *E*~FRET~ values for the linear_18b DNA displayed a single narrow peak at *E*~FRET~ ≈ 0.17 ([Figure 3](#gks1208-F3){ref-type="fig"}A, DNA only). Single-molecule fluorophore emission intensity and corresponding FRET efficiency time traces indicate no intrinsic FRET dynamics for linear_18b DNA. This result was expected and reflects behavior identical to that of the linear_18a target ([Figure 3](#gks1208-F3){ref-type="fig"}A--C, DNA only). Figure 3.yNhp6A binds linear_18b DNA in a single kinked state. (**A**) FRET efficiency histograms for linear_18b DNA target in the absence and presence of yMhp6A indicating that yNhp6A binds to this DNA target in a single kinked state. (**B**) Time traces of donor and acceptor emission intensities, and (**C**) corresponding FRET efficiency time traces showing no DNA target dynamics in the absence of protein but multiple transitions between the low (*E*~FRET~ ∼0.17) and high (*E*~FRET~ ∼0.30) FRET states in the presence of yNhp6A. (**D**) FRET efficiency time traces analyzed for a two-state system using a hidden Markov model to determine the average transition rates (*v*) from low FRET to high FRET states (*v*~12~) and from the high FRET to low FRET states (*v*~21~). (**E**) Dwell time distributions for the binding times (*τ*~12~) (low FRET states/DNA-only states) are shown at different yNhp6A concentrations. (**F**) Dwell time distributions for the binding times (*τ*~21~) (high FRET states/yNhp6A-bound states) are shown at different yNhp6A concentrations.

Addition of yNhp6A to the linear_18b target led to the appearance of a new *E*~FRET~ peak, and as for the linear_18a target, the new population was centered at E~FRET~ ∼0.30 ([Figure 3](#gks1208-F3){ref-type="fig"}A, +yNhp6A). Thus, the increase in *E*~FRET~ on protein binding to the linear_18b target indicates that yNhp6A bends this DNA target indistinguishably from the more G/C-rich linear_18a target. As observed for the linear_18a target, the yNhp6A-bound population increased with protein concentration until all linear_18b DNA molecules had conformations with *E*~FRET~ ∼0.30 ([Figure 3](#gks1208-F3){ref-type="fig"}A, +yNhp6A). Thus, yNhp6A binds linear_18b in a single kinked state, an interaction identical to that with the linear_18a DNA molecule. Time trajectories for the emission intensities ([Figure 3](#gks1208-F3){ref-type="fig"}B) and corresponding *E*~FRET~ values ([Figure 3](#gks1208-F3){ref-type="fig"}C) show that the dynamics of the linear_18b DNA target in complex with protein are qualitatively similar to the dynamics observed for the linear_18a DNA target complex with yNhp6A: over the range of concentrations where both binding and dissociation can be observed (0.5--5 nM yNhp6A), the frequency of binding events increases with protein concentration, while the duration of binding events appears to be independent of protein concentration ([Figure 3](#gks1208-F3){ref-type="fig"}B and C, +0.5--5 nM yNhp6A). At protein concentrations \>5 nM, intervals between individual binding events are shorter than the time resolution of the experiment, so transition rates cannot be accurately determined under these conditions ([Figure 3](#gks1208-F3){ref-type="fig"}B and C, +50 nM yNhp6A). The hidden Markov model ([@gks1208-B22]) was again applied to estimate population average binding and dissociation rates. This analysis confirms again that the association rate (*v*~12~) increases linearly with increasing protein concentration, while the dissociation rate (*v*~21~) is independent of the protein concentration ([Figure 3](#gks1208-F3){ref-type="fig"}D). Thus, the behavior of the association and dissociation rates of yNhp6A to linear_18b is the same as for linear_18a. Association rates for yNhp6A binding to linear_18a and linear_18b are the same, within error ([Figures 2](#gks1208-F2){ref-type="fig"}D and [3](#gks1208-F3){ref-type="fig"}D), whereas the dissociation rate of yNhp6A from linear_18a was approximately twice the rate of dissociation from linear_18b. This result implies that while yNhp6A binds to both DNA duplex targets similarly, yNhp6A persists on the more A/T-rich linear_18b target for about twice as long as it does to the more G/C-rich linear_18a, resulting in a ∼2-fold equilibrium binding preference for linear_18b. These kinetic differences are subtle; however, the general association and dissociation trends for the two targets are remarkably similar. As for the linear_18a target, the dwell time distributions for yNhp6A association (*τ~on~*) and dissociation (*τ~off~*) to and from linear_18b DNA all have single exponential decays ([Figure 3](#gks1208-F3){ref-type="fig"}E and F), consistent with the presence of a single kinetic step. Taken together, these results emphasize the sequence independence of DNA binding by yNhp6A.

In summary, each single yNhp6A molecule binds to a canonical Watson--Crick DNA molecule in a relatively sequence-independent manner, kinking the DNA by ∼60°. There is no evidence for un-kinked intermediates. The yNhp6A--DNA complex is short lived, lasting only seconds. As yNhp6A has high affinity (*K*~d~ in the low nanomolar range) and rapid on/off kinetics for homoduplex DNA, the target DNA is quickly rebound by yNhp6A after dissociation, making DNA shape fluctuations highly dynamic in the presence of low nanomolar concentrations of yNhp6A.

yNhp6A binds 18-bp bulged DNA in an unique kinked state
-------------------------------------------------------

Early results characterized HMGB protein binding as preferential for distorted DNA ([@gks1208-B25],[@gks1208-B26]), with some studies showing HMGB protein binding more tightly to curved rather than linear DNA ([@gks1208-B3]). To probe the conformation and kinetics of a yNhp6A complex with a non-canonical DNA structure, we designed a DNA target (bulge_18a) with the same sequence and fluorophore labeling as the linear_18a DNA target, but with a two-base (A--A) bulge in the center of strand A (see 'Materials and Methods' section for sequence information).

In the absence of protein, the distribution of *E*~FRET~ values of the bulge_18a DNA has a single narrow peak at *E*~FRET~ ≈ 0.17 ([Figure 4](#gks1208-F4){ref-type="fig"}A, DNA only). The time traces of fluorophore emission intensities and corresponding FRET efficiencies indicate no intrinsic conformational bending dynamics for this DNA target. This result demonstrates that the A--A bulge neither substantially bends the DNA backbone nor introduces a site of flexibility, as the conformations and dynamics of the bulge_18a and linear_18a targets in the absence of protein are indistinguishable. Figure 4.yNhp6A binds bulge_18a DNA in a single kinked state. (**A**) FRET efficiency histograms for bulge_18a DNA target in the absence and presence of yMhp6A indicating that yNhp6A binds to this DNA target in a single kinked state. (**B**) Time traces of donor and acceptor emission intensities, and (**C**) corresponding FRET efficiency time traces showing no DNA target dynamics in the absence of protein but multiple transitions between the low (*E*~FRET~ ∼0.17) and high (*E*~FRET~ ∼0.25) FRET states in the presence of yNhp6A. (**D**) FRET efficiency time traces analyzed for a two-state system using a hidden Markov model to determine the average transition rates (*v*) from low FRET to high FRET states (*v*~12~) and from the high FRET to low FRET states (*v*~21~). (**E**) Dwell time distributions for the binding times (*τ*~12~) (low FRET states/DNA-only states) are shown at different yNhp6A concentrations. (**F**) Dwell time distributions for the binding times (*τ*~21~) (high FRET states/yNhp6A-bound states) are shown at different yNhp6A concentrations.

Interestingly, addition of yNhp6A to the bulge_18a target led to the appearance of a new *E*~FRET~ peak that was centered at *E*~FRET~ ≈ 0.25 ([Figure 4](#gks1208-F4){ref-type="fig"}A, +yNhp6A). This increase in *E*~FRET~ on protein addition indicates that the protein binds the bulged DNA, kinking it by ∼45°. As observed for the linear homoduplex targets, the DNA population in the bound (high *E*~FRET~) state increases with protein concentration until all bulge_18a molecules displayed conformations with *E*~FRET~ ∼0.25 ([Figure 4](#gks1208-F4){ref-type="fig"}A, +yNhp6A). Thus, yNhp6A binds the bulge_18a DNA target in a single kinked state, but the induced kink angle is ∼15° (i.e. 25%) less than the angle of the kink induced in the linear homoduplex target. Consistent with the observation that yNhp6A binds some non-canonical targets with higher affinity than linear homoduplex DNA ([@gks1208-B3]), for each yNhp6A concentration, the proportion of the DNA population in the high FRET state was greater for the bulge_18a target than the linear_18a target. To determine whether the increased affinity of yNhp6A for the bulge_18a target versus linear_18a target originated through an increased association rate or a decreased dissociation rate (or both), time trajectories for the emission intensities and corresponding *E*~FRET~ values were examined. The results indicate that (as for the linear_18a DNA target) dynamics of the bulge_18a DNA target FRET transitions in the presence yNhp6A were dependent on the protein concentration. In the range of concentrations where both binding and dissociation can be observed (0.5--5 nM yNhp6A), the frequency of the binding events again increased with protein concentration, while the duration of binding events again appeared to be independent of protein concentration ([Figure 4](#gks1208-F4){ref-type="fig"}B and C, +0.5--5 nM yNhp6A). At protein concentrations \>5 nM, intervals between binding (high FRET) events were again shorter than the time resolution of the experiment, so transition rates could not be accurately determined in this protein-saturated state ([Figure 4](#gks1208-F4){ref-type="fig"}B and C, +50 nM yNhp6A). Hidden Markov model analysis ([@gks1208-B22]) was applied again to estimate kinetic parameters, demonstrating that the association rate (*v*~12~) increases linearly with increasing protein concentration, while the dissociation rate (*v*~21~) is independent of protein concentration ([Figure 4](#gks1208-F4){ref-type="fig"}D). Association rates for yNhp6A binding to the bulge_18a DNA target were observed to be ∼2-fold higher than the association rates for yNhp6A binding to the linear_18a target, whereas dissociation rates were similar. Therefore, the increased binding affinity of yNhp6A for the bulge target relative to the homoduplex arises from the increased association rate for the bulged DNA, as the dwell times are comparable for both DNA targets. As for the linear_18a DNA target, the observations that the *E*~FRET~ value for the bound state of the bulge_18a target DNA is the same at low yNhp6A concentrations (0.5 nM) as it is at saturating (50 nM) protein concentrations and that the association rate increases proportionately with increasing protein concentration demonstrate that the observed *E*~FRET~ changes reflect one yNhp6A molecule binding to each DNA molecule. Again, this result was expected because the DNA footprint of yNhp6A is ∼11 bp, and the DNA target length is 18 bp. Also similar to results for the linear_18a DNA target, dwell time distributions for protein association (*τ~on~*) and dissociation (*τ~off~*) all display single exponential decays ([Figure 4](#gks1208-F4){ref-type="fig"}E and F), consistent with the presence of a single kinetic step. This result implies that, as for the linear_18a and linear_18b targets, yNhp6A binding is simultaneous with the *E*~FRET~ increase from ∼0.17 (DNA-only state) to ∼0.25 (protein-bound state), and that yNhp6A dissociation is simultaneous with the *E*~FRET~ return from ∼0.25 to ∼0.17.

Similar results were obtained for yNhp6A binding to shorter (15 bp) homoduplex and bulge duplex DNA targets ([Supplementary Figures S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1208/-/DC1) and [S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1208/-/DC1)). These experiments were undertaken because of the formal possibility that smFRET behavior might reflect the binding of more than one yNhp6A molecule to longer DNA targets. Demonstrating similar results with 15-bp DNA targets provides evidence that single yNhp6A molecules have this effect. Because the footprint of yNhp6A covers ∼11 bp, a second yNhp6A molecule should not be accommodated on a 15-bp target.

DISCUSSION
==========

yNhp6A is a protein in the family of chromatin-associated eukaryotic HMGB proteins, and HMGB proteins are intriguing for their abilities to increase the apparent flexibility of DNA *in vitro* and *in vivo* ([@gks1208-B1]). Here, we investigated the detailed physical basis for apparent DNA flexibility enhancement of HMGB proteins by studying the kinetics of yNhp6A association and dissociation to and from a series of DNA targets using smFRET. By design, the smFRET experiments allow the direct visualization of protein-induced bending by reporting on changes in the end-to-end distances of DNA targets sufficiently short that only single proteins can bind.

First, the results reported here demonstrate that single yNhp6A molecules bind homoduplex DNA with high affinity and kink the DNA with an angle of ∼60°, independent of the DNA sequence. The kink associated with the yNhp6A--homoduplex complex occurs simultaneously (within the ∼32-ms CCD camera time resolution of these experiments) with the yNhp6A--DNA binding event, and the kink remains static at ∼60° for the entire time the protein is bound to the DNA (seconds). As yNhp6A dissociates from the DNA, the DNA simultaneously straightens. This observation suggests a model for yNhp6A interaction in which transient binding creates a static bent state (kinking), and subsequent dissociation (un-kinking) straightens the DNA. According to this 'static kink model' ([Figure 5](#gks1208-F5){ref-type="fig"}A), it is the dynamic interchange of DNA conformations induced by random and transient static kinking events that leads to the appearance of enhanced DNA flexibility (softening) over multiple seconds. Figure 5.Models for DNA deformation by HMGB proteins. (**A**) Static kink model supported by the results for yNhp6A reported here. Protein binding and DNA kinking are simultaneous at the available time resolution of the present smFRET experiments, and the deformed DNA attains a static local structure that is relieved on protein dissociation. (**B**) Flexible hinge model that may apply to some HMGB proteins. The site of protein binding defines a locus of induced flexibility, which may be anisotropic.

If yNhp6A induced flexible hinge behavior in the DNA, the bound protein would dynamically induce multiple DNA conformational states. Rather than a steady induced FRET signal, the signal would likely vary and differ from complex to complex producing a wide FRET distribution. Dwell times in the various states would be independent of protein concentration because changes in FRET state would reflect single bound proteins bending and unbending the DNA in a concentration-independent manner. In contrast, we report that the dwell time of the low FRET state decreases with increasing protein concentration, a trend not expected in the flexible hinge model. Note that the time resolution of the present experiments (32 ms) means that DNA bending fluctuations faster than this rate cannot be observed. On the other hand, if an induced dynamic flexible hinge always holds the bent DNA at the same average bend angle, then the hinge is not evenly flexible. The lack of evidence for un-kinked intermediates reflects the observation of single exponential dwell time distributions (e.g. [Figure 2](#gks1208-F2){ref-type="fig"}E and F). Poisson statistics indicate an interpretation of single stochastic events. In contrast, detectable intermediates should produce non-exponential dwell time distributions.

Various studies probing the biophysical mechanism of HMGB protein-mediated DNA flexibility enhancement have produced differing results. Simulations based on the static kinking model supported by the present work were previously shown sufficient to explain the enhancement of ligase-mediated DNA cyclization rates by HMGB proteins ([@gks1208-B14]). In these prior simulations, yNhp6A molecules are allowed to randomly decorate DNA in Monte Carlo simulations, introducing static kinks corresponding to the ∼70° bends observed by NMR ([@gks1208-B4]). The stochastic formation of such structures was found to be sufficient to explain yNhp6A-induced enhancement of the *J*-factor (DNA effective end--end concentration) observed in cyclization kinetics experiments ([@gks1208-B12]). Thus, although modeling yNhp6A binding events as sites of hinge flexibility in DNA might also predict enhanced DNA cyclization, such induced flexibility is not required to account for the experimental data.

Previous work using conventional ensemble experiments (cyclization kinetics and electrophoretic mobility shift assays) has shown that HMGB proteins (rat HMGB1 including both HMG box A and box B, and box A of human HMGB2) enhance ligase-mediated cyclization and rapidly exchange on and off DNA ([@gks1208-B12]). That study ([@gks1208-B12]) also supports the model in which DNA compaction and enhancement of ligase-catalyzed cyclization are promoted by HMGB proteins through random transient static DNA kinks, in agreement with our model, but the authors note that a flexible hinge model ([Figure 5](#gks1208-F5){ref-type="fig"}B) could not be excluded.

Single-molecule studies using DNA stretching with optical tweezers examined the effect of human HMGB2 box A ([@gks1208-B8]) or both human HMGB2 box A and rat HMGB1 box A + box B ([@gks1208-B9]) on dsDNA force-extension curves. Both studies showed that the dsDNA force-extension curves were strongly altered (indicating a dramatic decrease in apparent DNA persistence length) by the presence of HMGB proteins ([@gks1208-B8],[@gks1208-B9]). The change in persistence length as a function of protein concentration was then used to determine protein equilibrium association constants and the average protein-induced kinking angle, with the model for determining the average kink angle based on the assumption that the bound protein induces a random flexible hinge ([@gks1208-B8],[@gks1208-B9]). No direct measurement of the bend angle or the flexibility of the protein-bound site could be determined by this method.

Another study used magnetic tweezers to study mammalian HMGB1, yNhp6A and *Escherichia coli* HU (not an HMGB protein but often compared as an architectural protein that also binds and bends DNA, decreasing apparent DNA persistence length) ([@gks1208-B10]). Three main observations were presented: First, for each protein (HMGB1, yNhp6A and HU), there is a well-defined protein concentration above which the proteins do not spontaneously dissociate from DNA. In this regime, the amount of protein bound to the DNA (as assayed by the degree to which DNA is compacted) is unperturbed either by replacing the surrounding protein solution with protein-free buffer or by straightening the molecule by applied force. Second, as observed elsewhere ([@gks1208-B27]), HU is distinguished from the HMGB proteins in that it undergoes a switch to a DNA-stiffening function at the protein concentration where formation of highly stable complexes occurs. Third, introduction of competitor DNA into the surrounding solution disassembles within seconds the stable protein--DNA complexes for all the proteins. As spontaneous protein dissociation does not occur on the timescale of hours, the authors conclude that the observed rapid protein exchange in the presence of competitor DNA is driven by direct DNA--DNA contact. When comparing these results with those reported in our present study, it is important to note that smFRET allows the focus to be placed on kinetic and structural characterization of individual 'isolated' protein/DNA complexes. In contrast, micromanipulation experiments with long DNA molecules characterize global effects of protein binding (including cooperativity and other effects of protein--protein interactions).

An additional relevant biophysical study used AFM imaging on surfaces to measure local dsDNA bend distributions of rat HMGB1 box A + box B and human HMGB2 box A ([@gks1208-B11]). The authors report that HMGB1 binding yielded a mean bend angle of 67° (standard deviation of 21°), and HMGB2 binding gave a mean bend angle of 78° (standard deviation of 23°). It was noted that the moderately broad induced bend angle distributions were not consistent with either the static kink model or a purely flexible hinge model. In a follow-up report ([@gks1208-B13]), AFM is used to compare DNA bending by yNhp6A and variants of human HMGB2 box A. The authors report a model in which HMGB proteins, depending on N-terminal charge, create static kinks in DNA with various degrees of additional DNA flexibility induced at the protein binding site. The yNhp6A protein is reported to confer the greatest added flexibility.

Based on the present smFRET study and these previous results, we suggest a unifying model to understand this range of reported HMGB behaviors observed using different techniques. As suggested by X-ray, NMR and smFRET experiments (and consistent with Monte Carlo simulations), we propose that HMGB proteins induce static kinks of reproducible geometry when bound to short DNA segments in the absence of additional forces on the DNA. The DNA kink reflects the low-energy conformation for the isolated complex, and depends on the unique structure of each kind of HMGB protein. However, this complex is not absolutely rigid, as indicated dramatically by the results of force-extension experiments where HMGB proteins are not dissociated easily by DNA-straightening forces. In the presence of longer-range polymer strain (e.g. stretching of single molecules, or their deposition onto AFM surfaces), the preferred DNA static kink then reveals additional hinge flexibility that depends on characteristics of the HMGB protein. Thus, we envision HMGB proteins as endowing on DNA characteristics of 'a hinged swinging door equipped with springs': the door has a preferred low-energy conformation observed in the absence of external forces, but can be swung on its hinges by applied force.

Finally, we observed that yNhp6A kinks bulged DNA less severely than homoduplex DNA. This is an interesting and puzzling result, and no other biophysical studies have reported measurements for the interaction of yNhp6A with this kind of DNA target. The induced DNA kink angle apparently depends on the local structure of the DNA. Amino acid intercalation plays key wedging and unwinding roles in DNA kinking caused by HMGB protein binding in the DNA minor groove. It is likely that bulged DNA targets interact differently with the intercalating residues of HMGB proteins.

In conclusion, the present study demonstrates conclusively that the local effect of yNhp6A binding to DNA is induction of a single static DNA kink conformation that is homogenous from complex to complex. This deformation is short lived under physiological buffer conditions, and the kink angle is sequence independent for homoduplex targets. The presence of a bulge defect in the target DNA slightly increases yNhp6A affinity and slightly reduces the angle of induced DNA kinking, but the kink remains static and is homogenous across complexes. For both homoduplex and bulged targets, our observations are consistent with a model in which yNhp6A overcomes DNA stiffness by creating an ensemble of interconverting transient static kinks induced locally at the random sites of yNhp6A protein binding. In this static kink model, local DNA conformation is modulated between two discrete states (an unbent DNA-only state and a bent yNhp6A-bound state) by repeated binding and dissociation by yNhp6A. Future smFRET work will investigate the kinking dynamics of other HMGB proteins to determine whether this mechanism is conserved or to what extent flexible hinge characteristics are observed in DNA complexes with other members of the HMGB protein family.

It will also be appropriate to apply to HMGB proteins the fast-kinetic approaches that have previously been used to study DNA binding and bending by the *E. coli* IHF protein ([@gks1208-B28]). These stopped-flow and temperature-jump (T-jump) methods allow analysis by FRET of binding and bending steps on the microsecond timescale, not accessible in the present smFRET study. Although the current work supports a concerted binding/bending model for yNhp6A with no evidence for spontaneous bending of naked DNA, T-jump studies ([@gks1208-B28]) suggest that IHF binds straight DNA, and then bends the DNA in a separate step, perhaps limited by spontaneous DNA bending fluctuations that occur on the timescale of DNA base pair opening. It will be interesting to determine whether the mechanism of DNA bending by yNhp6A is amenable to similar kinetic dissection.
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